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Abstract 
In situ monitoring of the hydrological response probably represents the most effective approach for implementing early warning 
systems for landslides in pyroclastic covers. To this aim, the chosen devices have to be both reliable and robust, requiring 
minimal efforts for their maintenance. 
Among others, two sensors meet such requirements: TDR and heat dissipation probes, used to measure, respectively, volumetric 
water content and matric suction. 
Their utilization on large scale is however partially affected by requiring articulated calibration procedures. They have to be 
provided for each soil type in TDRs and for each probe in dissipation probes. 
In this paper, for both measurement techniques, the advantages and disadvantages of their use, the procedures developed for their 
calibration, the evolutions obtained in the subsequent three years of validation of calibration relationships are discussed. Finally, 
the comparison of the obtained results with those available in the literature for in situ monitoring systems is shown. 
are shown for in situ monitoring systems. 
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1. Introduction 
The pyroclastic covers of Campania (Italy), generated by eruptions of Campi Flegrei and Somma-Vesuvius, 
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generally exhibit partial saturation conditions often up to several meters in depth1 ranging from conditions near the 
saturation to dryness mainly because of continuous exchanges of water flows between soil and atmosphere. Since 
prehistorical times, but with much higher consequences (huge economic losses and fatalities) in the last 20 years as 
result of increasing urbanization in hazardous areas, slope instability phenomena induced by rainwater infiltration 
occurred. 
In order to develop soft (early-warning systems) and hard (retaining structures) mitigation measures, local 
authorities and researchers have been deeply involved in various activities: 
x soil laboratory testing2,3,4 
x development of physical modeling at different scales5,6 
x numerical analysis attempting to back-analyze landslide case-histories7,8 
x field monitoring9,10,11,12,1 
to achieve a better knowledge about the main features of these phenomena. 
Between these ones, field monitoring surely represents a very effective tool13, although its diffusion is 
undermined by high costs in economic terms (purchase of devices and requirement of qualified personnel), in time 
consuming, due to installation and mainly maintenance of the equipment14 and uncertainties associated with 
reliability and representativeness of measurements15,16,17,18,19.  
The above issues have driven in recent years the development of techniques characterized by low cost, high 
reliability and limited maintenance. Among the others, certainly TDR (Time Domain Reflectometry) and heat 
dissipation sensors, respectively adopted for measuring indirectly volumetric water content and suction, meet these 
criteria. 
However, providing indirect measurements, both sensors require a calibration phase which can depend on some 
features of the device and, mainly, of the investigated soil. This step is obviously critical and requires some 
considerations and investigations. 
In the following, the working principles of both sensors are reported, showing the procedures and the results of 
calibrations carried out when they are used for a typical pyroclastic soil. 
2. Investigated soil 
The investigated soil is a silty sand coming from Monteforte Irpino and characterized by intrinsic properties 
similar to those of soil covers affected by flowslides occurred on Lattari mountains (Nocera, 1997-2005) (Table 1). 
     Table 1. Soil state properties. 
Gs Jd (kN/m3) n kSAT (m/s)  
2.57 7.13 0.72 1E-6 ÷ 1E-7 
 
Figure 1 shows grain size and hydraulic properties. Regarding hydraulic behaviour, laboratory tests2,3,4 return an 
air entry value less than 5-6 kPa and with a residual water around 25-30% for suction values exceeding 100 kPa 
(Figure 1b). 
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Fig.1. Properties of the investigated volcanic ash: (a) grain-size distribution compared with that of the Nocera Inferiore volcanic ash; (b) water 
retention curve. 
3. TDRs 
The probe (Figure 2a) consists of an epoxy resin head from which three needles radiate in order to arrange a 
system equivalent to a parallel elements transmission line. Through this line, the probe, placed in the soil, is 
subjected to a high frequency potential difference variation ǻV (1 200 ȡs). The presence of discontinuities (due to 
the transmission line geometry, to the dielectric properties or to the probe extremity) induces a reflected pulse which 
is detected by an oscilloscope (Figure 2b). The development over time of the reflected pulse (waveform) is 
interpreted to obtain the soil dielectric constant Hr. 
 
Fig.2. (a) TDR (Campbell Scientific)20and (b) its working diagram 
Since the dielectric constant of soil components (Hi) is 3-10 for oven-dried soil, about 1 for air and about 78 for 
free water, significant variations in soil dielectric constant (Hr) strongly depends on slight variations in soil water 
content (ș). TDR is therefore used to determine soil water content relating Hr to ș through a calibration process21. To 
this aim, several literature works have developed theoretical and empirical approaches.  
For what concerns theoretical approaches, Hr is calculated as Hi weighted average, using as weights the volume 
fractions fi22,23: 
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where HI is the dielectric constant of soil components, fi is the volume fraction of soil components, N is the soil 
components number, D is a fitting parameter [-1; +1] function of the geometrical characteristics of the soil. 
According to the complexity of the models, it is possible to consider up to four soil components, distinguishing 
the free water from the water adsorbed to the minerals, characterized by Hi approximately equal to 10. In this general 
case, as water volumetric fraction (fw) is equal to ș, the calibration functions carried out by Regalado et al24 are:  
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where I is the porosity, Hs, Hw, Ha, Hbw are dielectric constants respectively of oven-dried soil, of free water, of air and 
of adsorbed water, șbw is the adsorbed water content (function of the layers number and thickness of water 
molecules, of the soil specific weight and of the granules specific surface). 
On the basis of what has been shown, it is evident that the major disadvantage of the theoretical approaches is the 
large amount of necessary information concerning particle geometry, the mineralogical composition and the 
physical properties of the constituents. These information are usually available through non-conventional and 
expensive equipments. 
Empirical approaches are therefore widely used. The most important empirical relationship is Topp’s equation 
(5)21:  
32 63.445.5292.223.5 rrr eeee HHHT             (5) 
Topp’s equation has been regarded as “universal” equation for a wide range of soils, regardless of grain size, 
structure, salinity or temperature. However further experimentations25,26,27,28 have shown how Topp’s equation fails 
to satisfactorily reproduce the relationship between Hr and ș in volcanic soils. 
The value of Hr in fact depends strongly on the shape and on the size of the pores: in contrast to other soils for 
which Topp’s equation is valid, the volcanic soils are constituted by particles of vesicular shape and glassy structure 
(low density and high porosity) and are characterized by high water retention capacity due to the considerable 
specific surface and to the presence of allophanic minerals characterized by significant chemical affinity with water. 
For these reasons, TDR specific calibration has been carried out for investigated volcanic soil, preparing several 
soil samples, placed inside PVC containers (diameter = 20 cm; depth = 30 cm), with constant soil porosity (I = 0.7) 
but varying volumetric water content ș. For each ș value, the corresponding Hr is provided by TDR. 
Best fitting approach returns the empirical equation (6) reported in Figure 3 and characterized by RMSE=0.00987 
and by R2=0.998: 
  2814.0ln2458.0  rHT         (6) 
Figure 3 shows also the underestimations performed by Topp’s equation (5) for the investigated soil and the 
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experimental calibration relationships determined by Regalado et al25 for the volcanic soils of Las Aves (7) and 
Pajalillos (8), both characterized by Js and mineralogy comparable with those of investigated soil but different 
porosity (I 0.77 for Las Aves and I 0.66 for Pajalillos): 
  293.0ln275.0  rHT         (7) 
  275.0ln232.0  rHT         (8) 
Although in Tomer et al29 opposite findings are exposed, under the reasonable assumption that soils can differ 
only for the porosity, the latter appears to deeply affect the trends. However, on this topic, literature works appear 
rather discordant: in order to improve the calibration function, Jacobsen and Schjonning30 introduced a linear term 
function of J; conversely, Tomer et al29 have considered negligible the improvements due to the addition of J to the 
independent variables. For these reasons, further investigations seem necessary. 
 
 
Fig.3. Experimental relationships between Hr and T. 
4. Heat dissipation probes 
Heat dissipation probe provides an indirect measurement of soil suction on the basis of different thermal 
conductivity properties of soil components. This technique was first described by Phene et al31 even if pioneering 
works32,33,34 already demonstrated how the heat dissipation rate in a low heat conductivity porous medium is strongly 
sensitive to water content.  
The probe (Figure 4) consists of a heating element and a thermocouple connected to a cylindrically-shaped 
porous ceramic body and fixed inside of a hypodermic needle. After collecting initial reference temperature, a power 
supply system applies a constant energy input to the heating resistor probe. 
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Fig. 4 (a) Heat dissipation sensor (Model 229L, Campbell Scientific)35, (b) view of the hypodermic assembly (without epoxy and ceramic), (c) 
longitudinal section of the needle with heater and thermocouple junction (Campbell Scientific)35. 
The considered output is provided by the difference between the temperature measured after a heating time 
variable between 20 and 50 s (30 s in this work) and the temperature measured after 1 s of heating. 
According to Shiozawa and Campbell36, the time dependence of temperature in a line heat source buried in an 
infinite medium can be assumed as: 
 00 ln4 ttk
qTTT ff   ' S
        (9) 
where Tf is the end temperature (°C), T0 is the start temperature (°C), k is the medium heat conductivity (W m-1 s-1), 
q is the heat input (W m-1), tf is the end time (s), t0 is the start time (s). 
For a fixed heat input, the temperature increase is mainly function of the soil water content surrounding the 
probe: for high water content value (low suction), the temperature increase is reduced because heat transfer 
dynamics are regulated by high water hydraulic conductivity; on the other hand, for low water content value (high 
suction), the opposite occurs. In the first case, the increase in temperature 'T is about 0.7 °C while in the second one 
it can reach about 3°C. 
According to Scanlon et al37, the measurement interval ranges between the air entry value (bubbling pressure) of 
the porous ceramic material (about 10 kPa); and about 2500 kPa35, reduced to 1000 kPa according to Reece38 and 
Flint et al39. 
For these reasons, heat dissipation sensors are surely suitable for field monitoring in pyroclastic soils along a 
great part of the year, even if, in the wettest periods, it is necessary to supplement them with traditional instruments 
as tensiometers (e.g. jetfill, small tip, quick draw) able to measure until to 0 kPa but resulting not adoptable during 
the dry seasons (operating range: 0-70 kPa). 
The presence of a partly overlapping operating range between heat dissipation probes and tensiometers (10-70 
kPa) has suggested the possibility of realising a field calibration for the heat dissipation sensors40. The calibration 
has been carried out by matching 'T provided by heat dissipation probes against suction provided by jetfill 
tensiometers placed at the same depth (15-50-70 cm) in a physical model constituted by a pyroclastic soil sample 
(see paragraph 2) exposed at fully monitored weather conditions41,42. In this way, three different datasets ('T-s) 
have been obtained for each depth considering a calibration time span ranging from 1 March 2012 to 31 May 2012. 
Although, according to Reece38 and Flint et al39, a single calibration function for all sensors could be obtained 
using dimensionless 'T, in this work, this approach do not perform satisfactorily and so ad hoc calibration for each 
probe has been carried out. The best-fitting function adopted is: 
 GJED ''' TTTs 23exp         (10) 
whit the calibration parameters as reported in Table 2. 
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Since the sensor response is sensitive not only to soil water content but also to soil temperature, the 
measurements of 'T have been corrected through the iterative correction approach suggested by Flint et al39. 
     Table 2. Heat dissipation probes: calibration parameters. 
 z (cm) D E Ȗ į R2 
Probe 1 15 4.73 -25.79 47.69 -26.29 0.93 
Probe 2 50 6.73 -37.15 69.22 -39.61 0.95 
Probe 3 70 2.52 -14.39 28.14 -15.01 0.93 
 
Figure 5 reports the development over time of estimated and actual values of suction for the three investigated 
depths. Although satisfactory results are obtained, it is worth noting that the main limitation of such approach is 
related to investigable overlapping measurement range (10-70 kPa).  
 
 
Fig.5. Development over time of estimated and actual values of suction for the depth of 15, 50, 70 cm. 
In order to test the calibration performances for suction values higher than 70 kPa, Figure 6 shows volumetric 
water content (retrieved by TDR) against suction (retrieved by heat sensor probes) for the three investigated depths 
in the time span ranging between 1 March 2012 and 31 August 2012. The three datasets (s-ș) are compared with 
curves obtained through laboratory tests by Nicotera et al3. 
 
 
Fig.6. Water content against suction compared with laboratory retention curves (modified by Nicotera et al3) for the depth of 15, 50, 70 cm. 
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5. Conclusions 
In this work, simple calibration procedures for TDRs and heat dissipation probes are shown. The main findings 
are summarized below: 
x both TDRs and heat dissipation probes, characterized by high reliability and robustness, meet the necessary 
criteria to be excellent tools for field monitoring and for  the development of early-warning systems; 
x calibration carried out by TDR covers the entire water content range for investigated soil; otherwise, at the 
moment, the calibration for heat dissipation probe, has been carried out and validated only during the 
wet period; under these assumptions, their adoption in field monitoring could constitute a suitable 
replacement/integration for tensiometers; on the other hand, extrapolation for estimated values beyond 
the calibration range, albeit the unavoidable uncertainties, allow to have a first evaluation of suction 
trend during the dry season. 
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